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Abstract

A FEA study of coating/substrate bilayers is conducted as a foundation for damage analysis. Attention is focused
on the stresses along the contact axis immediately adjacent to the bilayer interface, where radial cracking or yield in
the coating, or yield in the substrate, tend to occur. The stress analysis is used to determine critical loads to initiate
each damage mode in terms of basic material properties and coating thickness. Controlling material parameters are
strength (brittle mode) and yield stress or hardness (plastic mode). The critical loads are shown to have a simple
quadratic dependency on coating thickness, but more complex dependencies on elastic modulus mismatch ratio. Simpli-
fied explicit modulus functions afford a route to prediction of the critical loads for design purposes. Implications
concerning the design of bilayers for specific applications are discussed.
Published by Elsevier Ltd on behalf of Acta Materialia Inc.
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1. Introduction

Laminate structures with functional stiff and
hard outer layers (typically ceramics) on compliant
or soft support bases (polymers, metals, or even
soft ceramics) are representative of many engineer-
ing coating systems (cutting tools, thermal barrier
coatings, ceramic armor, laminated windows, eye
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glasses, electronic packaging devices, hard disks)
and biomechanical systems (shells, teeth, dental
crowns)[1]. The simplest form of such structures
is a bilayer—a coating on a substrate. In some
functional systems (e.g. dental crowns) the struc-
ture is a trilayer (or even multilayer), with an inter-
mediate support core layer. The outer layers shield
the underlying substrate from external loads, but
any one layer may be susceptible to damage above
some critical applied load. Because adjacent layers
may consist of different material types—ceramic,
metal, polymer or composite—the damage modes
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can be varied and complex. An understanding of
these modes is critical to the design of longer-life-
time systems.

Several damage modes have been identified in
bilayers in concentrated loading. Near-contact
modes, e.g. cone (or outer ring) cracking or quasi-
plasticity, can occur in the top surfaces, as in
monoliths [2–5]. However, such top-surface modes
are dominant only in thicker coatings [2], and can
in any case be avoided by ensuring sufficiently
blunt or soft contacts, so we shall regard them as
secondary. More insidious in thinner, brittle coat-
ings are subsurface radial cracks [1–3,5,6]. Radial
cracks initiate at the coating/substrate interface,
and are associated with coating flexure beneath the
contact. They can extend long lateral distances
with increasing load. In softer coatings, fracture at
the undersurface may be supplanted by local yield.
Yet another important mode is yield in the sub-
strate itself, particularly in soft metals. In cases
where the substrate is stiffer than the coating (e.g.
porcelain/metal crowns), substrate yield can act as
an essential precursor to radial cracking in the
overlying coating [7]. Such plasticity may also
cause delamination of the coating/substrate inter-
face. Whereas the activation of any one damage
mode may not lead to immediate failure of the
bilayer, it signals the beginning of the end of the
useful lifetime of the structure (especially biome-
chanical structures)—the issue is then one of dam-
age prevention rather than damage containment
[1,3].

Accordingly, a primary goal in the analysis of
bilayers is the development of explicit relations for
the critical loads to activate subsurface coating
cracking or yield, and substrate yield, in terms of
key geometrical and material variables. Existing
relations suggest a common quadratic dependency
of the critical loads on coating thickness (typical
of point-contact and flexure fields), and somewhat
slower dependencies on modulus ratio [1]. How-
ever, these dependencies, especially those associa-
ted with modulus mismatch, remain to be fully
validated. The same relations also predict a linear
dependence on fracture strength [4] or yield stress
[7] of the coating and substrate materials,
depending on the damage mode.

The present study is divided into two parts. Part

I deals with bilayers, Part II with trilayers. Finite
element analysis (FEA) is used to evaluate the
important stress components in the layers, and
thence to determine critical load relations for the
different damage modes by equating maximum
tensile and shear stress components to material
strength (fracture) or yield stress (plasticity). The
bilayer solutions are used to validate the quadratic
coating thickness dependency in the existing criti-
cal load relations, and to examine further the
modulus dependency. Apart from their intrinsic
importance, bilayer solutions provide an essential
starting point for analysis of trilayers. As we shall
indicate in Part II, trilayers are subject to similar
damage modes, in either outer or inner layers
depending on thickness and modulus ratios [1].
Finally, consideration will be given as to how the
results may be used as a basis for materials design
of layer structures.

2. Stress analysis

2.1. Damage modes

Consistent with a damage prevention philosophy
[1,3], we focus on first-damage conditions in the
bilayer system of Fig. 1. A coating layer of thick-

Fig. 1. Schematic of damage in bilayers of coating thickness
d and modulus Ec and substrate of modulus Es, from contact at
top surface with sphere of radius r at load P. Principal subsur-
face damage modes are radial cracking and yield (shaded) in
coating and substrate immediately adjacent to interface.
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ness d and modulus Ec is bonded to a thick sub-
strate (�d) of modulus Es. The bilayer is in con-
tact with a sphere of radius r at load P at the top
surface. It is assumed that the contact radius
remains small compared to d, so that the loading
is effectively point-force in nature. Principal sub-
surface damage modes immediately adjacent to the
interlayer interface and along the contact axis are
as follows [6,7]: in the coating, radial fracture or
plasticity (or quasiplasticity in ceramic); in the sub-
strate, plasticity (or quasiplasticity). Illustrative
section views from previous studies are shown in
Fig. 2 (all at loads well above threshold in order
to demonstrate the various damage modes): (a) a
fine-grain micaceous glass–ceramic (F-MGC)
bonded to a filled-polymer composite substrate
(simulating tooth enamel/dentin) [8], showing sub-
surface radial cracks and outer surface ring cracks
in the coating; (b) porcelain fused to Pd-alloy metal
(simulating metal-core dental crowns), showing
yield in the substrate and cone and radial fracture
in the coating [9]; (c) porcelain fused to alumina
(representing dental all-ceramic crowns), showing
only surface cone cracks in the coating [8].

Fig. 2. Section views of damage in flat ceramic-
coating/substrate bilayers: (a) F-MGC/filled-polymer, WC
sphere indenter r = 3.18 mm at P = 250 N [8]; (b) porcelain/Pd-
alloy, r = 2.38 mm at P = 500 N [9]; (c) porcelain/glass-infil-
trated-alumina, r = 3.18 mm at P = 500 N [8]. Bonded-inter-
face specimens.

Evaluation of the damage modes begins in this
section with detailed FEA of relevant normal and
von Mises stresses. Equating maximum values of
these stresses to the material strength (cracking) or
yield stress (plasticity) then enables determination
of pertinent critical load relations (Section 3).

2.2. Finite element analysis

A FEA scheme described in a previous study
[10] is used to determine stress states in the contact
configuration of Fig. 1. The system considered is
a WC indenter of radius r in frictionless axisym-
metric contact with the top surface of a coating of
specified thickness d, modulus Ec and Poisson’s
ratio nc, bonded to a thick substrate of specified
modulus Es and Poisson’s ratio ns. The net external
dimensions of the bilayer structures are 16 mm
radius and 14 mm thickness, with minimum
element dimension 4 µm in the vicinity of the
interfaces. The sphere is loaded incrementally to
peak value, and the stresses are evaluated along
the contact axis at chosen intervals. Representative
Poisson’s ratios nc = 0.22 and ns = 0.30 are used
in the basic calculations. It is assumed in the calcu-
lations that the stresses are elastic everywhere up
to the onset of yield or fracture.

Values of the principal stresses s1 (=s2) and s3

along the contact axis and corresponding von

Mises stresses s13 = {
1
2

[(s1�s2)2 + (s2�s3)2 +

(s1�s3)2]}1/2 = s1�s3 are shown in Fig. 3 for Ec

= 70 GPa (e.g. glass or porcelain coatings—Table
1) and (a) Es = 7 GPa or (b) Es = 700 GPa, for
fixed d = 2 mm, r = 3.18 mm and P = 25 N. Note
the pronounced nonlinearity in the stress distri-
butions across the section, indicating significant
departures from a simple flexural stress state [11].
Note also that whereas s3 is continuous across the
interface, s1 and s13 have distinct discontinuities,
highlighting the influence of elastic mismatch. For
the modulus ratio Ec/Es = 10 (Fig. 3a), the near-
interface s1 stress in the coating is tensile and
dominates that in the substrate (shielding); for
Ec/Es = 0.1 (Fig. 3b), the same near-interface s1

stress is compressive in both the coating and sub-
strate [8].
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Fig. 3. FEA-generated stresses s1, s3, and s13 along contact
axis, for Ec = 70 GPa and (a) Es = 7 GPa or (b) Es = 700 GPa
(nc = 0.22, ns = 0.30), at d = 2 mm, r = 3.18 mm and P =
25 N. Note nonlinear stress distributions across section.

2.3. Stress relations

Principal normal stresses sc
1 and von Mises

stresses sc
13 at the coating lower surface and ss

13 at
the substrate upper surface are plotted in Fig. 4 as
a function of d�2, for Ec = 70 GPa and Es =
2.23 GPa (glass/polycarbonate, Table 1) and r =
3.18 mm at P = 25 N. Data points are FEA calcu-
lations and the solid lines are linear best fits. Anal-
ogous plots in Fig. 5 of sc

1 versus P/d2 for selected
r/d at fixed interface depth d = 2 mm indicate non-
linearities at large P, especially at large r/d. Similar

trends are observed in the other stress components.
In the interest of simplicity, our ensuing stress
evaluations will be confined to the linear regions
of small P and r/d. Within these linear regions, the
plots in Figs. 4 and 5 confirm s(d) relations of
general form

s � (P /d2)�(Ec /Es) (1)

with �(Ec/Es) separable modulus-dependent func-
tions.

This leaves the functions �(Ec/Es) to be determ-
ined. Fig. 6 plots the quantity � = sd 2 /P for each
pertinent stress component as a function of modu-
lus ratio Ec/Es, for the same system represented in
Fig. 4 but for variable Es. Data points are FEA
calculations. Note that the Ec/Es axis in Fig. 6 is
logarithmic, so the modulus dependence is rela-
tively slow. In the region Ec/Es � 1 the tensile
stress sc

1 and von Mises stress sc
13 dominate, so

damage at the coating undersurface is favored; at
Ec/Es�1 the von Mises stresses sc

13 and ss
13 domi-

nate, so some form of yield is favored. The damage
mode that dominates at any given value of Ec /Es

will depend on the relative values of coating tensile
strength and coating/substrate yield stresses
(Section 3).

The stresses sc
1 and ss

13 warrant particular con-
sideration, because of the attention paid in earlier
bilayer studies to ceramic coating cracking [1,6]
and metal substrate yield [7,9]. The stress sc

13 per-
taining to coating yield is also of interest, if only
because of its later relevance to trilayers (Part II).
In these cases the FEA data can be approximated
by simple functions, represented as the solid lines
in Fig. 6. Note that sc

1 undergoes a transition from
compression to tension at Ec/Es � 0.7. In the ten-
sion region, the data for this stress may reasonably
be fitted by a straight line, in accordance with the
relation for plates on elastic foundations [11,12]

sc
1d2 /P � �c

1 � (1 /B)log(CEc /Es)

(1 � Ec /Es � 100)
(2a)

with values B = 1.35 and C = 1.00. Data for the
sc

13 stress may similarly be fitted by two straight
lines
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Table 1
Properties of representative materialsa

Material Modulus E (GPa) Hardness H (GPa) Strength S (MPa)

Ceramic
Glass (abraded) 73 5.2 110
Porcelain (dental) 68 6.2 110
Zirconia (Y-TZP) 205 12.0 1450
Mica glass–ceramic (F-MGC) 70.5 3.8 325
Mica glass–ceramic (C-MGC) 51.5 2.7 125
Alumina (glassy phase) 270 12.3 550

Metal
Pd-alloy (dental) 126 2.0
Co-alloy (dental) 231 3.0
Tungsten carbide (indenter) 614 19

Polymer
Polycarbonate 2.3 0.3
Glass-filled polymer (dental) 10 0.8
Tooth dentin 16 0.6

a Data from Ref. [1].

Fig. 4. FEA-generated stresses s1 and s13 at coating/substrate
interface as function of d�2 for Ec = 70 GPa and Es = 2.23 GPa
(nc = 0.22, ns = 0.30), r = 3.18 mm at P = 25 N. Note linear
responses over data range.

sc
13d2 /P � �c

13 � (1 /D)log(KEc /Es)

(1 � Ec /Es � 1000)

� (1 /D)log(K) (Ec /Es � 1)

(2b)

with D = 2.08 and K = 11.0. The ss
13 stress data

Fig. 5. FEA-generated stress sc
1 at coating/substrate interface

as function of P/d2 at d = 2 mm, for Ec = 70 GPa and Es =
2.23 GPa (nc = 0.22,ns = 0.30), at specified r/d values. Note
nonlinear responses at higher P and r/d.

may be approximated over the entire range of Ec/Es

by the sigmoidal function [7]

ss
13d2 /P � �c

13 � 1/G(1 � MEc /Es), (2c)

with G = 1.74 and M = 0.178. To these expressions



4352 P. Miranda et al. / Acta Materialia 51 (2003) 4347–4356

Fig. 6. Stress quantities sd 2 /P at coating/substrate interface
as function of Ec/Es, for fixed Ec = 70 GPa and variable Es (nc

= 0.22, ns = 0.30), at r = 3.18 mm and P = 25 N. Data points
are FEA calculations, solid lines are best fits of Eq. (2a–c).

may be added a sigmoidal fit to raw sc
3 data (not

shown in Fig. 6), for use in Part II:

sc
3d2 /P � �c

3 � 1 /g[1 � m(Ec /Es)p] (2d)

with g = �1.43, m = 0.46 and p = 0.79.

3. Critical loads for damage modes

Now impose critical stress criteria to determine
threshold load relations for each damage mode in
Fig. 1 in terms of practical material properties. Let
any given damage mode initiate at a stress s =
scrit corresponding to a critical load P = Pcrit in Eq.
(1). Then

Pcrit � scritd2 /�(Ec /Es) (3)

where scrit is identifiable with strength S (tensile
stress) or yield stress Y (von Mises stress) in the
coating and substrate, so that

Pcrit � Pc
R, scrit � Sc, � � �c

1 (4a)

Pcrit � Pc
Y, scrit � Yc, � � �c

13 (4b)

Pcrit � Ps
Y, scrit � Ys, � � �s

13 (4c)

with the � functions given approximately in Eq.

(2a–c). Eqs. (3) and (4a–c) may be used to deter-
mine which interface damage mode occurs first in
any given bilayer system. Illustrative case studies
will be considered in the Discussion.

The well-documented indentation hardness
relation H = cY (c�3) [13] can be a useful adjunct
in evaluating the yield stresses in Eq. (4b,c),
especially for ceramics where yield stress measure-
ments are otherwise difficult [4].

4. Discussion

We have conducted a stress analysis using FEA
as a basis for determining the critical conditions to
activate damage modes in bilayer structures. Parti-
cular attention has been paid to damage modes in
the immediate vicinity of the coating/substrate
interface. Secondary damage modes that can occur
in the near-contact region at the top surface [3–5]
have not been considered thus far in this study,
since they become important only in the limits of
thick coatings and sharp contacts. The near-inter-
face modes include radial cracking and yield at the
lower surface of the coating, and yield in the upper
surface of the substrate. These latter modes are
assumed to activate when the principal tensile or
von Mises stresses equal the bulk strength S or
yield stress Y (=H/3) of the pertinent material. This
approach enables us to establish relatively simple
relations for the near-interface damage thresholds.
Thus the critical loads for all the near-interface
modes in Eq. (3) have an universal quadratic
dependence on coating thickness d (Fig. 4), at least
within the linear region (Fig. 5), typical of Boussi-
nesq point-contact and plate flexure stress fields
[1]. They also have a linear dependence on S or Y.
As we shall demonstrate in Part II, these simple
and explicit dependencies on layer thicknesses and
key material parameters are preserved in trilayers.

The modulus dependence is more complex (Fig.
6), and is represented in Eq. (2a–d) by simple
semi-empirical functions. In conjunction with Eqs.
(3) and (4a–c), these functions give expressions for
the critical loads to produce radial cracking and
yield in coatings, and yield in substrates:
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Pc
R � BScd2 / log(CEc /Es) (1 � Ec /Es � 100)

(5a)

Pc
Y �

1
3
DHcd2 / log(KEc /Es) (1 � Ec /Es � 1000)

�
1
3
DHcd2 / log(K) (Ec /Es � 1) (5b)

Ps
Y �

1
3
GHsd2(1 � MEc /Es) (5c)

Eq. (5a) has previously been used to quantify radial
cracking in ceramic coatings bonded to compliant
substrates [1,6], and Eq. (5c) likewise to quantify
yield in metal substrates overlaid with hard coat-
ings [7,9].

It should be emphasized that while radial frac-
ture is arguably the most deleterious mode in bilay-
ers in concentrated loading the yield modes, when
they do occur, are hardly benign. Yield can
enhance plate flexure with subsequent radial crack-
ing in ceramic coatings, or cause interface delami-
nation at higher loads [7]. In such cases a nonlinear
stress analysis with input of elastic–plastic consti-
tutive relations is needed to evaluate the critical
conditions [1]. Thus, while the onset of first dam-
age (fracture or yield) may not lead to imminent
failure, it signals ultimate failure. As such, the
critical loads PY and PR are both useful quantities
in bilayer design. The question as to whether coat-
ing radial fracture occurs before coating or sub-
strate plasticity may be addressed by combining
Eqs. (3) and (4a–c) to give

Pc
Y /Pc

R � (Yc /Sc)(�c
1 /�c

13) (6a)

Ps
Y /Pc

R � (Ys /Sc)(�c
1 /�s

13) (6b)

for any fixed coating thickness d. The quantities
Pc

Y /Pc
R and Ps

Y /Pc
R may then be taken as indices of

brittleness for any specified value of Ec/Es: if both
indices �1, the response is brittle; if either index
�1, the response is plastic. Similarly, the issue of
whether plasticity is more likely to occur first in
the coating or substrate may be decided by dividing
Eq. (6b) into (6a):

Pc
Y /Ps

Y � (Yc /Ys)(�s
13 /�c

13) (6c)

If Pc
Y /Ps

Y � 1, plasticity occurs first in the sub-
strate; if �1, it occurs first in the coating. In this
context, the ratios Yc/Sc, Ys/Sc and Yc/Ys are useful
damage mode indicators.

Eq. (6a–c) provides a basis for mapping the sus-
ceptibilities of bilayer structures to competing sub-
surface damage modes. Of primary interest is how
the relative critical loads depend on the modulus
ratio Ec /Es. For the question as to whether coating
radial fracture occurs before coating or substrate
plasticity, impose the conditions Pc

Y = Pc
R and Ps

Y

= Pc
R in Eqs. (6a) and (6b), corresponding to Yc /

Sc = �c
13(Ec /Es) /�c

1(Ec /Es) and Ys /Sc = �s
13(Ec /

Es) /�c
1(Ec /Es). Loci of these equalities plotted as

the solid lines in Fig. 7a and b, evaluated using Eq.
(5a–c), distinguish domains in which each mode
dominates. Also plotted as data points are values
of Yc/Sc and Ys/Sc for selected coating/substrate
bilayer systems, using data from Table 1 along
with H = 3Y. (In these figures, bilayers with metal
coatings are not plotted because of the unavail-
ability of meaningful tensile strength values Sc, but
will tend to lie in the yield domains at the bottom
of the plots.) Coating radial fracture is excluded
for relatively stiff substrates, Ec/Es�1 in Fig. 7a
and b (recall transition from tension to com-
pression of sc

1 in Fig. 6). For compliant substrates,
radial fracture can only occur first if Ys/Sc and Yc/Sc

are sufficiently large that the appropriate data point
lies within the upper-right domains in Fig. 7a and
b, where flexural stresses become dominant. Note
that radial fracture is altogether excluded as a first
damage mode in the domain Yc/Sc�1, independent
of Ec/Es (see Fig. 7b). For systems located in the
yield regions of Fig. 7a and b, the issue as to
whether yield is more likely to occur first in the
coating or substrate is addressed by the analogous
plot of Ys /Yc = �s

13 /�c
13 in Fig. 7c. For stiff sub-

strates (Ec/Es�1) yield will typically occur first in
the softer material. For more compliant substrates
(Ec/Es�1), yield is more strongly favored in the
coating, again where flexural stresses become
increasingly dominant.

In this context, the quantities Yc/Sc and Ys/Sc (or
Hc/Sc and Hs/Sc) may be regarded as useful indices
of brittleness for a given bilayer system, for any
specified value of Ec/Es. These indices are anal-
ogous to the quantities H/T (T = toughness, KIC)
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Fig. 7. Plots of (a) Ys/Sc, (b) Yc/Sc and (c) Ys/Yc versus Ec/Es for
representative material systems (Table 1). Solid lines delineate
domains of first radial cracking or yield.

used to define brittleness in indentation fracture
configurations in monolithic materials [4,14,15]—
replacement of toughness T with strength S here
simply reflects a transition in stress state from that
of monolith elastic–plastic contact (where strong
stress gradients promote a more stabilized crack
evolution [3,5,6]) to one of plate flexure (where
crack initiation is abrupt).

It is of interest to establish the coating thickness

domains in which the above near-interface damage
modes dominate top-surface modes using conven-
tional design diagrams [1,5,6]. The lowest of the
critical loads Pc

R, Pc
Y or Ps

Y for near-interface dam-
age may first be determined from Fig. 7 for each
bilayer system. This critical load may then be
determined, along with the critical load for near-
contact cone cracking (or plasticity or
quasiplasticity), as a function of coating thickness
d. Recall that all coating/substrate interface modes
have a common quadratic d dependence in Eq. (3),
so the functions Pc

R(d), Pc
Y(d) or Ps

Y(d) will plot as
parallel inclined lines of slope 2 in logarithmic
coordinates. The top-surface modes, on the other
hand, are relatively independent of d [6], and so
constitute an upper bound. Accordingly, first-dam-
age functions are plotted in Fig. 8 (solid lines) for
the F-MGC/filled-polymer, porcelain/Pd-alloy and
porcelain/alumina bilayers illustrated in Fig. 2
using parameters from Table 1 in Eq. (5a–c), along
with previous data for cone cracks [5] (horizontal
dashed line, representative of both F-MGC and

Fig. 8. Design diagram, showing plots of critical loads Pc
Y,

Pc
R and Ps

Y computed from Eq. (5a–c) as function of coating
thickness d (solid lines), for (a) F-MGC/filled-polymer, (b)
porcelain/Pd-alloy, and (c) porcelain/alumina bilayers. Horizon-
tal line is upper bound at high d, where top-surface damage
occurs first (from Ref. [5]). Note that each system initiates a
different subsurface damage mode in the low d region. Points
represent loads and thicknesses corresponding to the micro-
graphs in Fig. 2.
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porcelain). (The data points included in Fig. 8 sim-
ply indicate the operative loads for the coating
thicknesses in the micrographs of Fig. 2.) It is evi-
dent that subsurface damage modes are highly del-
eterious in thinner coating systems. Note that the
predicted first-damage subsurface mode is different
for each material combination—radial cracking,
substrate yield and coating yield (cf. Fig. 7). This
result highlights the importance of the support
layer not only in influencing the critical loads for
damage but also in controlling the modes them-
selves.

While providing a useful indicator of the over-
load conditions pertinent to Fig. 2, data points of
the kind included in Fig. 8 strictly should not be
taken as a predictor of other than first-damage,
because the onset of any damage mode may alter
stress distributions and thus influence conditions
for initiation of subsequent modes. In the case of
Pd-alloy substrates in Fig. 2b, for instance, radial
cracks are evident even though the elasticity analy-
sis indicates compression at the coating undersur-
face (Pc

R→�)—tensile stresses are generated in this
instance only because of precursor substrate yield.
The issue of damage evolution beyond first fracture
or yield requires a more complex analysis than
given here.

We reiterate that the FEA data generated in Fig.
6 and thereby in Fig. 7 were obtained for nominal
values of Poisson’s ratios (nc = 0.22, ns = 0.30).
Variations in these input parameters can lead to
data shifts in Fig. 6. Accordingly, although most
practical ceramic/substrate bilayer systems have
Poisson ratios close to those used here, care should
be taken when using our fitted coefficients in sys-
tems where Poisson’s ratios differ significantly.

In principle, it should be possible to invert Eq.
(5a–c) to determine material strengths or yield
stresses from experimental critical load data. This
could be valuable for thin coating structures where
it is difficult to obtain free-standing specimens.
However, while the onset of radial fracture is rela-
tively easy to detect as a well-defined “pop-in”
event, either visually or from load-drop traces or
acoustic emissions, the onset of yield tends to be
more continuous and consequently harder to detect.
We may also expect some differences in properties
measured this way from those measured on tra-

ditional bulk specimens, raising questions as to the
validity of simple critical stress criteria for fracture
and yield. Sources of difference include: assump-
tion of specific values of Poisson’s ratio in the FEA
computations (previous paragraph); assumption of
point-contact loading (e.g. Fig. 5) [11]; stress
gradients across the flaw [16] and effect of stat-
istics in flaw distributions (both increasingly
important at smaller d) [17]; existence of rate
effects in radial cracking [18]; enhanced coating
flexure from any compliant adhesive used in the
interlayer bonding [19], or superposed residual
stresses in the coating associated with chemical
contraction or expansion in the same adhesive
[20,21]; adhesive filling of coating undersurface
flaws at the epoxy-bonded interface [12]. On the
other hand, “effective” strengths and yield stresses
evaluated from bilayer critical load data will be
more relevant to practical coating configurations in
concentrated loading than will their bulk-value
counterparts.

The bilayer analysis presented in this study con-
stitutes an essential starting point for the analysis
of trilayers, to be considered in Part II.
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